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Abstract

Mi croneedl es represent a successful appl i
mini mally invasive platforms for transderm
di agnostics. Silicon microneedl es, in part

mechalini strength and biocompattihbrdde t gr edthi s

f abr imnceatthoodonssi | i con microneedles using MEMS
I nitially, we  fodpbl rainces thomogneed i |hiod d mwounti cr on e
sharp apearss apdredf This process involve:i
frontside pillar etching via the Bosch pro

HFHN®@Mi xed solution. The resmuhiighg MHooweoereece
penetrate the epidermis and access abundant
taller mil omagree e di¢ieam e 50 @ qui r ed. Fabricati.
mi croneedbeshpltbenging due to difficulties

through wet etching.

To address this, we devel oped aofpn cavneel me t
holl ow microneedles with dbeveaetsesddei psopéEhie
backside hole etching, and frontside pilla

and dry etching (Bosch prweragp)oxiTmat eleyg ub
em tal l with beveled sharp tips. We testec
mi croneedles by connecting-ptrhentedi mppbi @aa
succesdsefmolnlsyt rating | iquid extraction, i q

del ipvreorcye s s

To minimize the i mpact of inevitable | ater
the Bosch process, we proposed sacrificial
them from | ater al etching. Testi nbgotthwo tvyp
struct uefefseactoiuMadl y reduce | ateral emtching,
high ring pillars with vertical sidewal l s.

Addi ti onal | vy, grayscal e |l ithography combi n

iv



presents an effective and fl exible method
bev#&wesfirst acquired contrast curve for the
Then we wusedi hheegfgrddencthsniidgeues| ope et ching a
etching into a single step, resulting in ¢t}

32501 a n height.
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Chapter 1

Introduction to microneedles

Thi s chapteoduces t he concept of mi cr
mi croel ectromedMEMBAdaI t isoymsadlelms, (it provide
mi croneedl es, ¥ACoMUESs saipriph s il mmei ocnsti ca

par ameters

1.1 Introduction to Micro /nano-fabrication and MEMS

On December 29, Feyamamke. aRitah &r atP.t he ann
the American Physical Society at Caltech n;
an Invitation to Enter a vweew an edealc roef a sPeh ytst
of the theamgd wen pamcadici eve a | ot through
a small scal e, marvel ous biol ogliGvaelr sayst en
decade | aser eNodraipoa nTeasnei guchi from Tokyo Uni
coined the concepfThe ff imdaamd retcahln o adgiyd of |
making functional materi al s, devi ces, and
Nanoparticles (NPs) are defined as wultrafi
di ameter, where uni quep lpihcdahtnim3Ms&n reingaba®d no
Rohrer in I BM invent ed 3scraenmri ensge rttuinmee Iti meg b
t he -shppegehd devel opment of modern nanotechnol
Nowadays, nanotechrdlsagy liisnaa yhisgitbljyvcdr o0 a1y
of physics, chemistry, bi ol ogy, wa nmacy, e

to the devel opment of nanotechnol ogy, ther



Circuit (I C), Microelectromechanical Syste
/Iwire,-omtceces® and so on.

Nanofabricati omnnagfs dtsrannaaudreel acesrsewnt h di me
nanomet er -dsocuma redB o thitiqpm ar e two fundament al
approaches to f &blo poavine arp@pergoisicshuwit ulm et he p
on | ar gecrsecaatlees ammadnoscal e pattern on substr

etching,t twobm Bepboach f or nmsst anratniarnsgs aflnréd e higu ¢

atoms, emok&sast et her subunits into | arger
chemical or physical forces such as sur |
hydr ophlyadlriocphi | i ¢ didmtwenr aacptpiroonasc.h Tiosp good f

structuresanmgd horldenmg aadcr ong&kopi cercecamsnect i
botupgmappbBeathsui-d egdermlry seednd -eanhghkl psdeng

at ntalmmeoscal e.

Film coating Drop coated spheres

l Lithography

Metal
Deposition

N
lLift off
=

"4

Etching

‘ Deposit metal

Resist
removal

-

‘ Perform liftoff

(1) Lift off (2) Direct etch
(a) Top-down (b) Bottom-up

Figur8chematic di alpgwamanfd -(f) adei ¢ denh e s



Since 2000,rC demimdighcctr d namdti cally. €onseque
down appwhaaim!| vdg thlogtraphi c path&gomeg t ec

mor e and momeaederompull@rpr odluicg hbnsalBoywears wh gh

wavelengt h, an exnfgyentnt etaHddiCz epd dvd@mecabse e n
achieved i n decades. Figure 1. 2s fsohrows t h
semi condwcy®mars. The | ight s ouwredesirmighaeys an

resolution of photolithographysha$ienecne 1980
devel oped from ul tr amerod werty (Walpionge elraSrgm tnie gl
h-l i ne=4-Dbne365nm) to dempciUMemgehasarnr edKibly=
Ar F=193nm) . Extreme UV -gElIUved gteinreapt admay
wavelength of 1 3. 5 noHt Ragsl i ct ohnosgirdaeprheyfdh ¢aesc hantod t
mi ni aturi-zalt atoewnd odeviCces dramatically reduc
conpumom el ectronic devi ciesgho dfelnmdea nmeentt a | |

technol ogy and big’.data storage and analys

S

3um

g@@

0.13pm
90nm
65nm Q

28/22nm \\ /
B 20nm

16/12nm

FigatRRoadmap of feature size i®nh semiconduct

Mi croel ectrome¢ MEMBY®| gspapemnf mi ni atur e

systems dsaibmgccamadhi ning processes. MEMS i
to the inckeawnngiy hasredteicenomagppyt echnol ogy
which alludes to sciendm, crdemetgenr asnidal & ntow &

scal e. |l ni eriadnvMent eMEMSBY Wt he mi crofabricatic
3



of applications suahadatu’®l MEMI othe wisg e ss ema\
criticalr amndghemgd 0o nnsm &moC 0In0s0e0g, u etnhtel ys ma | | si z
these devicmasnydamanpagesdaVer shatges in the
power usage, sensridqgwiirtemeg ctdiEtMyp anmd Ipscd
silicon using bulk micromachinminGraddasuiyf e
ot her mater impdhilsytmearce, metate @aowimcelrwawmagpgpgl i

MEMS f abricati on.

With the devel opment of microtechnol ogy, va
beadrevelionpedai 'y | ife. Fimadsltya, bl MEWMS dt @ d hsred
specialized field of study with a signifi
product, ME®® edeavimee ged with a variety of
fluidics, medi cal and healt hcahragdraivn t hi s
numer ous 2atMiemitatomrsi zed medi cal wearabl es a
del i very -cshyisp earsss, a yosn, cel | sorting devices,

typical examp$iemi oadr By oMEMSone of the typic
MEM®»ased microneedles have been wused for
extraction and bodily fluid sampling. At p
di fferent materti slhsaapwist mrwariindlegrsahaefd and

mi crofluidic systems.

1.2 Introduction to microneedles

Mi croneedl| esvshiaatee demno xietdsre aln sfpoorr t of t herap
biological mol ecul es across tissu®. barrie
Mi croneedl e technbodcoognmee s ehaveglryeycantlhgctiv
mi ni manlviaysi v e pl atfor ms capabdfeorofprmeicac rsoef |
chemical ned*alt rsarn smud ram@¥pbnad iulgy dfell'i ive r y a mp
and heal th mo¥i.t oMi o g maeyesdilecnsp at e d to mi t i

4



shortcomings associated wiF'? ant¢eéts samd s
anticipated that t md | adeed a vielriyt yaimcefo n@d mbwii i
recording array wil/|l have Dbsoofaddraupgp | declaitv eo
or al delivery may inactivate some protein:

bi omol ecul es cannot pass through t he s ki

hydrophilicit$#?andHonwaecvreor , sintiecr oneedl es ca
dr awbbayp &setntiglae out er most | aylefn cAdnelkRdwvmesi
require only a small area of skin and ent

i rrittahdeeomadf | ayers associated with pain a

microneedle
Stratum

Corneum ~ 20 um

] _

Skin elasticity

]‘ Epidermis ~ 0.1 mm

Capillary

- Dermis ~ 0.6 ~ 3 mm

Nerve

Hypodermis or subcutaneous tissues

Fi gu3®kiln anatomy and schematics of microne

1.2.1Application of microneedles

Il n the past, or al administration of drugs
drug delivery methodhagewdeak |lgeames € r @amwdla
administration itsoewtpbatwmedpphapBAi c amlde ot h

therapeutic compounds pr ¢°d®d c.e dCdoryr ensopdoenrdn nt



applying transder mal pat chagsr atdou ad ellyi vbeerc odnre
desiarpppd oach for patients wbwvi ara Isypdecern mi
needl e. However, inchnsddegmalbpdebi vergyam (i

transder mal pawhbihcyomn edr uBjasn dpAaisds)i,vel y di f f i

skin, is severely restricted and-2Bmndered
of skin, the s atum corneum | ayer
Topica  Hypodemic Microneedle patch Transdermal patch
cream neede
AT
LOMATY RO . Stratum comeum
. S (1040 mscrometer)
LLLLLLIL TS <= Epidermis
SN N (50-150 micrometer)
) = Demis
l 2 l l l 1 (154 mm)
5 e 9 2 § T Parceptoss
Figur €ompdri son of topical cream, hypoder mi
transderfPmal patch
To increase skin pesmmabt hnthesihdeaediiceom
the benefits of needl e iingjtercdd woesdhdi ng ains

creation of the( miguroalel.ddk)eptononespdzvees mi c
nNeedviagdepr esent dtaitgveenre@aarltlsy hundreds of mic
tens of microns wide atem hwad dtei padt aShoe hooma steh
mi cr oneedllfefss comgt ity penetr at bBsektihne woiuttheorutl

interfering with the nerve enldy mwyasiiwe tared ¢



painless sawmwliinggsuperiority ni ncoddturgagsdte [tiov e

njection,

mi c rusreae ckelkehisenatccetn s H iIFS igaulr eef | 1u. i 6d)

Y 1/77

_ Porous
Microneedles Array

FEEFF  YFFFF

= ki ol i o

Fi gurExamples of application of m¥cr(oan)eedl e
A gl uespeonsive insulin patcth; fAObporeqwsl at i
mi croneedl|l e ar rtaryanpateamalb a&%ed dAcetPma @ hmowsiitsh
t her mal responsive microneedl|l es’ fPpleE monito
mi croneedl e platform for b 8c;c aA( ernaapci rdd nyo | e

det achabl e

Toa c h iderweg

1

11li st s the

mi croneedle patch?®for continuou:

delivesysdmmanobeedl®i ded into f

advant ages taynpdefsdimsaduouanaéedhbessy

The rtsytpe hseol i d mi cr ocnaene dd éeq u swehp fche r eat me nt

Af ter insertion and remevaeédofiok e talier Doe

skin <Lunrdf achee drug formul ation can be appli

sl owl vy

di ffuse throudH nt e eh slegontnade deit thgo ai

coattohensur face of the microneedilmst,heand

t

SSheéird

met hod is dissolving microneedl|

«
.
-

C
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pol smeTfThe ddugsokvedein the microneedl|l es, a
mi cr onreeerdd ikrst he s kitnTofme®wuf d h s isnet dioodelso w

mi croneedl es, whose drugatddlyifpv ecray o rmpoapetr |
needl es.paksisse tdhir wgeg i he h eaenedd | peahsrscelsgh t he s ki
Thefth meétfddbgemi ng microneedle. The <conc
t hahymdder mi ¢ nteyepdd ensi,c rb&at®d etdhla @t ed wi t h som
mat et hatavan ¢ abl e afsdarr odurglhg t o

Collection 1
biomarkers
,m,_g & ™ from skin ISF
"""" * Extraction |
/ * Recovery

P\ A
[’
'\7‘.’\ PVA/CS hyd |md Microneedle patch

BElacno skin interstitial fluid

%

Extracted biomarkers __‘__‘

[ S ——

-

alf ”
ISF collection using
plasmonic paper MN

Figurkel lusétration of the blood col Pection a
(a)n el a-bebtisgl hctuator integrated®% with mi
(b) A hydrogel microneedl e®pgat(cch) fTohre dheytderc
patch is inekgcatedi wi ghuaoase sensor for r
skin intéys¢dyi Almf¢uomndeedl e patch based o
detection in déy mfk¢i BDepstntiab Heuide fo

extraction with inclYined microneedle penet



Tabl eAdlv.alnt ad) s 2 da radeh atig p smiocfr o nse £ tdfé aer

del i*very

drug

Microneedle Type Schematic illustration Advantages Disadvantages
Poor dose accuracy
Swratum Cormeum Mechanical strength Requirements of rapid healing after
Solid oot Physical stability application
Reasonable drug loading Potential for infection due to reuse
Poor biocompatibility
Peeling during insertion
Poor biocompatibility
Coated Mechanical strength Dose limitation
Formulation migration during
manufacturing and storage
Low-cost manufacturing " 5
. Poor mechanical strength, physical
2 ’ Easy of manufacturing g A R
Dissolving = stability, and biocompatibility
Controlled drug release profile o T
gt Dose limitation
One-step application
Clogging
Ingressing body fluids
Dose accuracy R & . g " f filled syri
uirement of prefilled syringe
Hollow Reasonable drug loading % P 7

Hydrogel-forming

Constant flow rate

No residual excipients in the skin
after removal

Easy to manufacture

Reasonable drug loading
Controlled drug release profile

Poor mechanical strength
Potential for infection due to reuse
Poor biocompatibility

Poor mechanical strength and
physical stability
Ingressing body fluids

| n
structures of
achieve
becatunsee hei ght
devi based

bi
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omarikéesstnt

mi
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adddtugndeloi very,
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mi
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pl ay
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Fi gurExam@l es of we arashkelde Pd{ossyedhiseobbeélt @ s sens
patch based on holl ow, blholiegir mpatdaec eni se 10%e
on micrompeetliesi far fA@mc Jeixtgended gate transi
wearable micronmeddeseétbromeaf “odAd)m in i
wear able patch wusing i1ion electrophoresis

detection of Eggteei®DNBRarr virus cell

1.2.2 Skin as the barrier

The skin is the | ar geasptp roorxg2ana tsogflu yatrhee fbeoedty.
skin protteleans rys offr dmr ei gn el emenftrsomand t h
t hbeodlyh.i s al so a critical route fHurmadr ug de

skin can bet ocharteeeg opriizrear ki anyi eéssheep isd e rt rhies ,t otph
10



| ayer underneath that I s ttihley gpled e mi, s .anTdh ¢
epidermis |l ayer is optimall yantdaugsetr édcf at

enough to be painless. The thicknkS® of th
em, but the thickesdméilme te gicddnemidev ieded 1B
t wo par@asum corneum and stratum spinosum.
Il $hset ratum cor neum, consi sti pnandofv ardyhienrge nitr
thickndaddst EGm.omlrhe epidermis sits atop the

der mi s, from which it is separat®d by a

Mi croneedl e arrays wea ddéasisgn dvddsamel ihdgalwter 60D
whi ch owmoluyl dpenetrate throughhedphadeount esr | lagye
without interfering with Ityhrev enseirwee iemjdd cntgisc
extr adtniteemr s tfirtoing Kihiel ui d

Il nterstiti,oal tfilswiuce fIl SIF)d ,i alciaqwidd i s1u rt rheu red
the tissue cell s Apfprmnwwlidniadted Woliedt atanibmaly s .

weight | ©9wadmpgsed which extracellular f 1l u
outside the cell s. | SF is the main componce
enviroonfmetnid haodyat hes al |l cells in the b

provides the medium for exchanging substan
t hi socacturr ough di ssolving, mixing®anldSRErans
has beant paddrerei er of sever al of the most es
andan also be considered as an alternative
pl aslhear.e i s convincing unt,appgédapotéhteiragly
dr ug djasncdo vbeiroyme di c al research.

Il n 2018, new organ termed as O6interstitium
was previously missed by scientists despite
body. Thoeumedwor gan, bentehgek h nt héd dttci@apsbeayar
| ayers |lining theagdt miFbhlege,y shlioodmvedasela:
per meabéredddi met wor k of, |whnphlti ol gapebkpan
for collecting dixcans piomtt sr ¢4 tyimpihawary Icthiyd e

| opvr essure drainage sysommsddél si naed weaweon
11



| ymph nodes to | arge | ymphatic trunks th
communicateows t i Thips avibdmeisghat foreground
mi croomeetthdgei t s wi de applFiicgautradoatw.98c hleSa triecs e

summamwhe histological findings.

Mucosa a&&g O,

=
Collagen—> =

bundles

CD34 positive
lining cells

4

Fluid filled ——

space Z

Fi gur e&che8ati c -foifl |telde sfplawied supported by a

bundles | ined oh one side with cell s

1.3 Classification of microneedles

1.3.1 In-plane microneedles and out -of-plane

microneedles

Mi croneamrd!| ks divided into two bneotdwelesh based
direction of the needlamet ing camdoefelia es ulasntdr
mi crontlel esisefnt altéey preveomi craome ¢ d.Eotemda

ouafpl ane microneedl e, the tip ies dpheer ppenpdi c L
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oft hiepl ane microneedl e is pRoamblefpl|l ame t he

mi croneedle, the height candt exceed the ¢t}
dept Ho wetv eirs posshadD eartroay adfr i miadreoneedl!| es.
il ane microneedl|l es canscdeaen vbeea yf dbornigc abtuead .o
Figuresho&étyptitodpallanceutmi cr onee@b@nhargrhay, s h
silicon mi caran8 @k edMadgser on Fi gur e l-pd@amep shov
mi croneedlad eargrt ddy owi t1th 2 mm.

needletip -

* Microchannels

Figur ©utafpOane -pdmchei mi cr onecendd lgdns esdhlpr pBa
silicon mictonged! el.@r riany|l borg mscrboeerdl es

mi crocHannel s

1.3.2 Solid microneedles and hollow microneedles.

| ni ti arilcy oneedl etsheal ¢ dd uset tmkt @iorhmeni ence f o

fabrication compar étFitgulrealll.sw owiseodf diree dd Ir es

pl ane solid microneedles for>%Asansder mak ¢
hol |l ow mi chreonfeierdsiteoshh b thew mbaot oneedl|l es wer e
Mc Al |l i ster °2t Fadwr@)nilsihoowesm tlloengl ol | ow si |

mi croneedl es fabricated by combining t he

mi cr on e eddel eeps rweiatcht Bvoes ciho ny reot dcahsisn g *M.eed | e b«
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Figun®(al). Solid silicon microneedl es used
Approxi neat atyt®@ bmasleonagnds 0ll50d mi croneedl es
in silicon using DRIE, and feawur et) sfihep
first hoofdlIl oarwe omitcr oneedl es by McAIlIlister et

em |l ong and were fabricated/through DRIE us

I n 2000, Stoeber naonvdeylpeepimamol cowa®ieldi aon n
The needle bores asiedbgrocecscechgf comsdacubing
DRI'E process and a fronamitdlee icm®e¢dlopi shape
process ffll-awp omi ¢heneedl e fabri cddtiaond i s p
Fi gurz2hdws holl ow si |l swiotnh mi a)rsapnadiendtbedd atlt im@m
t ePphe needlpepss oxi mamiel egi 2h0t0O wi t h a | umen di

em.
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1. Si0, deposition 5. Pattern frontside

2. Pattern backside 6. Isotropic silicon etch

/| 5,

{ —
—— e —
3. DRIE 7. Stripping Si0, and N,Si;
\ [ T 7
{ A S 1
4. N,Si; deposition single crystal silicon
. B silicon dioxide
( B siicon nitride
B hotoresist

FigureSchemmatic of process doSfl iomweadpdbraneée he f e

microntedl es

Bds
FiguXPolll ow silicon microne®d]|Tehsemb2y0o0Btyo e ber
needles are fabricated by Bosch DRIE and
Pointed tip; (b)) Flat tip.

Cl oggsmagjcoooncer n whienr dresddisdggoronrhigmae! i ver
bi of | ui d; etxheriraecftonuosnt be considered cautiou
Stemme devel opedt haeodh c d p tropoelrit gsH tdeeidch @aiheed | e
achiavedl atively | ow dimedisconasi scandte. sA
prop,odosnedavhi ch t hwee ineeccatl eed beatr etshe shaft of t}
Figur® 1.
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KTH-S3-MST

%350 180rs ND1S

Fi gurle 1&m hi ghshaped,s hopddmew, sgidlei con mi c|
fabricated by Griss andm Sltoenmgmeb. a s(ea )s hNaefetd.l e(:

without a2 base shaft

Thi s-opeded design was accepted by the aca
Roxhed et%“ BhHhe pmo®dEuEino &ti mdCoenphr 4. t o t h
previous design,i ntchree assepglectn rtahtei onewasdesi g
silicon needl es s é&ng naisf ischaormtnllSyi nMeFa ggautriet el,. 4 O |
geometthtyei md§ changsdapeomtorosscul ar- to for
def i nedThtiigp, ne we xdhe ssiiigpned i or penetration <ch
terms of al/l reportedperstkatwe tdhi ndpi shumisi

without any otfher external hel p
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S5i0; mask

Si Isotropic ﬁ Anisotropic
DRIE hole

from the
backside +
thermal oxidation

Anisotropic
—>

SiO; etching ?
——

_ — _ ) e

Si

S0

FigurePrlocledsd of Heowf abricati ompemfed cihrod U loavr

mi crorfeedl es

ﬁj (O
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Fi gurl®Thle ciroplaedsideési gn develadpar ajy 4R ®x
| ong ;s hualrtpppesnedde mi croneedl es. (b)) Magni fi ec
The-rtaidpus is ®below 100 nm

Il n 2®HWe3t, et chi mgipaoptparsosaicuhmwday dr o ki rndldes c e d
fabrication process of sisbt tneene grlieessubheadl! e
i n intersecting crystal pl an essh a pGadr dheonlileorve
silicon microneedles by combining®DRIE an:t
Figumehawdg the fabricationFpootaesssief patthbe
and eweehipgdcessed, followed by backsi de hc
wafMexasi | i con nitriwbhaepoati ¢ ettdheanrdsi &y lea

and t hsei dfer osnitl wamoenmonvietdr i bdye pA naissnoat reotpci hci negt.c |
viKaROH etwditshmpgar f caromdab k o eashhar penedtthiep. Fin
remaining swakemoweadi toi dempl et &itghuBi7ref dbr i cc
(a) shows a tygm dalghr ens cirtonefe dd e3 avbhteh a tr
base damst hBea 8 i mum &wildet hheagsf ah@ FH(OQuWr eredsénts

a microneedle design with a rounded tip. A
fabricatipg msicwameiedd ecsommer ci ali zed by Na
company also <coll abor an e thi omi-tit ehe e@|ll aaxacSani rn eh
delivery afd joint patents
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)
-

Figuredeabrlcati omi oprrorceasBRyefEorand KOH wet et

Left ,-seccrtodsosawd fngt he sampl e at dotted 1| ine;

prot%ss
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Fi gurl®& al). SEM mi cr ong rha pghh arfi ca o3n5e0e dd¢nme, wi t h
(b) SEM picture ofhavimmgge nreeedili®s waift hc war wat

Il n 2023, one fabrimatronepdloeesssifomg bdombio
etching and DRI E dr ydMathomiyh ¢ tAsa ds hpprwnp d sne oF i |
1. ¥8,rst, PECVD oxi de was ¢emmpashiitcekd doonu btl hee
polished wafer. Then, LPCVD oxide and nitri
and oxide patterning, KOH wets heattga@Hhiincg nwas

needl es. Later, alumi num was <covered on t
protection | ayer. Backside hole etching wa
mi croneedl e fabrication process. Fisgure 1. ]

wi t henb éidtg h
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Silicon LPCVD Nitride |
PECVD Oxide Aluminium
Thermal Oxide Protek

Pyrex

Figuré&abri8ation process for microneedl es

etching and®¥Bosch process
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EHT = 10.00 kV Signal A = InLens Date :26 Sep 2018
WD = 8.2mm Photo No. = 911 Time :17:18:03

Figur E8EM. 19mageemdfald MO Cr onemdi amewet hofaf $6
pobte

Over the tyhearpsosi trieolnatafv et hteo fhalrleleod d eodM e b C
mi cr omaaslds @ d&lhrintgiendhdo wagf or med trhceght eonof t he

t opft hreeedl| es. The fivolcano shapeodo needl es (
drawback that the tip is not sharp enough
surroundiing d¢thiel lIhot ®@o | ar ge. To increase t

(Fi gur ewdlsnlit2r(ocaduyced t o mMakmakdeéa et e ptisphaepen
reseahavherastttoe mpteend t he hole on the sidewall
However, t heept o camabpifalkeew ,i swi t h the introc
eticrhg basedesepakK®Hlpdradne v eslhead wi tthopl e on t he
top of utshian gsllaotpievemey{ddmgulre 1. 17).
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1.3.3 Different materials of microneedles

Since the amlec k ebheg ewtlsbeeds i n remrd tcearl | ale ve eleesg t

it 1 s necessary to con,sainddersttahba | b itgc ocomp atthi
Si |l iwaoanh e matresiti al t o fabowicde i miscrgomnaedtc
bi ocompatibilityantdnecmani aald stheemag@he st abi

a great cthloeixer @areditmary mechansscuaclh paasoper
titani um, stainl earsel stoe eslogdreed in wheedasl u Eo B y me r

anot her popul ar < hweadearstiamges podgyhmens | ow
f or mahinldi tsyhort processing cycl e. Mor eoverl
mi croneedl es o aiseewmledarep @alpypmecati on of micr
12Ghows some examples of microneedles in d
In this mhediosc,usweon the fabri caotfgloaanepr oce.

mi croneedl es.

Figu2z@xamples of microneédl (e=s)® Si(l0iff dGemest
(c) OFfmoced) Gl®assy e aFodylvi nyIlPyr r(ogl)i don

Pol yl™acttiod g vi n¥ a@dicoprod®py !l ene
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1.4 Critical p arameters of microneedles

Sever al key parameters are essent todl for e
pl ane hol |l owhmincrdersegdhlienyy the microneedl e,
be confidsteds tthheechengbdl e f Eithlee hwe mgthit c a |
di stance betdwelears & haen&h eflehdg.ehe @dhbée daom shor
because the needle should be | ong enough
t hi ckntehsepi dé&r mhar ron which is wusually adapt
appmaxiel gm?1 M0 t hi s way, the hemghAl shout We
needlde bceant oonktedbe I 65nekdl keowg) I theach pai
in the dermis, causing a | ot of pain. I n su
ranges fr omm 3 0aln dinioos0d0d  i0deernr ealp taismi zed hei ght
Anot her ptahmaesmpetcdr riag i o. For microneedl es,

height divided by tNMecwodestl parwi oh ahbi gl

arneorsd endeausing |l ess damage to the skin b
Conversely, mi croneedles with a | ower aspe
more skin damage and increasing penetrati o
Mi croneedle density is alsd&xcmpertvahy dan

arrangement of microneedles necessitates g
the risk of chip fracture. Conversely, i ns

area for drug injectioarebyinedustngiaffift]
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Chapter 2
Specific microfabrication techniques for

microneedle fabrication

This chapter introduces <critical mi crofabr

fabricatibm:déeposition, photolithography, \

2.1 Thin film deposition

Fil m depoyspiitcirad n fyii $1sntihcertcefpabr i cati on process
i an examal lefeastar f ace passivation. uAewari ety
achieve spech f iFHbiilamppd é gagdiitoinen can be divid
deposition (CVD) and physiicravollvwaepsprr ed s po ®i
chemical vapor deposition (LPCVD), pl as ma
(PECVD), and atomic | ayer deposi thieoaom ( ALD)
evaporation and sputtering.,depemdthghminque
deposited materials, targethtetihn cfkinlem.s, T yamidc
chemical vapor dehpeo sdietpi oosam eiflisachu soafd e if ioa | suc
Si20 gi \wWhil e physical vapor depdsdgiotnsorf imetuwu
or metssluccxiacde al umi num, chromium, copper a
mat er i al u diedpigfsfietreedn t teexchhidh iQtuese maypr opert
gualeistFi gure 2.1 sfiowsn tghewsthepsn af cthleimm c al
proces,$ heF s mbastxrpaotseed to volatile precursor
Subsequbaetkrgaction on the substrate surfac
Nor mal liynvoMBrreisous physi cal and chemical pr
fluid d¢emagwmsseesss f |l ow i nto tiheomeglaex oreaatdi @

andpbypdarter ansported out of the reactor.
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Main gas flow region

>
* O
>
Gas phase reactions
@ Desorption of
@ volatile surface
\ reaction products
@ Redesorption
Trzmsportl of film —— .
to surface s precursors ucleation an s
ds;_‘frf“,‘e island growth ~ Step growth
3 nusion v
B — 8 ———» N )

Adsorpuion of Surface reactions
///'}'5‘ s 7 7
Fi gureOvarilview of thin film growth on subs

depodlition

I n thisxwhesdespb&iMNEACVD. EGE¥Dgpeéemsai reacti
l ow temgempaaunred FogUPEVDR. 2 showsaattoypi cal

2.45Gz
'l ECR magnets

Temperature- .

controlled ECR

horn and target chamber

[ |_|=-\<—Gases in

Process )
posiion L‘.:zf:;':::\‘\:;Q
Replaceable I: ol T - h —>Vacuum

chamber liners [ E
Wafer EI

load position

Wafer
temperature
probe

Field-shaping
auxiliary magnets
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Fi gur Pi agkam of PECW®r e easitmg a hi-gh densit
cycl otron r esoniannsctee)a dp | oafs ntah es -pniioar¢cee ppol pausl naar

Sou.r ce

2.2 Thermal oxidation

Ther mal 0 X i edsasteinatrnc laims qae i n tmieanofhadlgimi cati o
guakitycon whxisthearmanmas k or i ndheatdagi bayef.
silicon can be di voixdyegdd nifnftubsritvoesidyors d € P st h & i 1

di ffusion |l ayer in the vapapoph aQxtyegelinaa ee nt
i s theordmdar atthee outer surface intoishe sil
di ffusi veldycrtorsasnstphoea tsi |l i con oxide film to
l attice. Finally,i kg giemnTeuetade & sahrees &@ &1 sy | i C ¢
used for dtah,e oomatl mwxEddmr dlusmakke utilized si

t he onxg@uWimrredt her makFi gogwn @ a2 .i d)n.

FigurbBaBeBt herm muffl € Cauntnesyupotbdbabhé&dohe
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2.3 Photolithography

Photolithography is-iatpmcegei bihght Qalpt a
photomask to prepare a pdtlymsr-apiovmetl dir sh oad
met hod commonly applied in the semiconduct c
root technol ogy obfechllittsi® t belmaldoegyf ol | owi
complicated semifcooralduicMEaMS pdreovci ecsesse.s Mor eov e
currnemtor mati on technologies rely on microc
by microfabrication techniques. 1t facilit
et choifmgl ti ple device | ayers and <creating Vv
alignment® t §ie¢sdavavephotoofgraphsS MAG6, a | ith

system we used for aligomanéedawdf &§VWsexposu
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SUSS Hicrore

Fi g 2d®MA/ BA6 Mask and Bond Aligner (Courtesy

The basic photolithogyalpotepwariere s mes pamif Is:
thin film (or the oOhadRkgiohg at seabsh e it €A | st
t he photor esalstglldonsiisvtei cgopnmpfound and a mi X
t hmasnnethe geomsuccespamsépmriedd from the ph
photoresi st on tklkeasubet cdtas by Pbdtbharn etghies tt
positi,tderesil satmi nated area becomesahighly
exposlhrege arsegati ve photoresist is composed
pol ymerize or crosslink to form Boafsol ubl e
ultraviol et AGUNMB s udxtposwarei.ous required str
perfectly and efficiently by coating diff el
Anotrmetrhtood compl ete photolithography i s ma:
traditional phot ol i t-cnfo Gaeratp h iy e cdron® aggudee,t et hi
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photolithaGABphy!|l @i gqusually in GD& for mat )
phot omask. The pattern i s expossiendgspatriealk |y
' ight moduywhitohr gerLvMds essentially as a proc
takes the design file and -csaweprlegd Asvr b & tersadt 4
di rvercitt e process ¢ ouclodn ssukmipn gt haen de retxipreen sti ivra
progciests is favorabl e t o redesign t he pat't
i mmedflatBheg typi wamarwfua ptmemed by Hei del bet
Fig2ar(e®a) shows the Heidel berg DWL2.656% equip
il lustrapesnthpl &L M

fn HEY|
U i) VPEJ'TEVE,R?

Spatial Light =
Modulator =2 data

Ll (b)

oL

Fi gur.¢5a) Hei del berg DWL 666% (&3eMThki phogra
SLM in Heidelberg Dirékt Write Lithography

As shown 2i.,6hgEeh gtuagleit hography proceosns usual
(e,.sgp-coating) phot or efsoilsltowent obnygn ssour bdset br aakt ce
evaporate the solvent. A photomask with the
above the substratneddhesi VY adimahsktalaivehesr t h
on the photoresi st |l ayer t hat is solubl e
phot oirsepsuinstont o the substrate. Di baesresde expo

on he positionamd tthe ocarmbtsa atahpehoont dointai sokn abnedt

30



Subsc¢carnastiefet contact, hapdojceat acapompd® X iefo it
resi st covieeedr & met al (usually chr omi um)
t he <c,otnhter agyposed area wil/| be dissolved
| eaving behind a patterned laxywesr aobhbaphotor
protect the underl ying fsiulbmefmruemeaweset 6&r ndt

the pattern i s suddpbetfoamdyk trantsiersels f ra

Light
Photomask

N R e

Layer to be patterned \ Photoresist
[ Deposit Film N S
Substrate ’

Film deposition Photoresist application Exposure l
. Patterned Film
g Dotteme | l F H F F | -
e = - o ——-<—‘ — .
Resist Removal Etching Development

Fi gwr.BGasi ¢ photolithography process using p

etching process that allows 8 ne to transf e

| n summary, conventional phot ol i tohfogr aphy
approxilamgt iy anced maomyl $ ewiot muti on enhancem
(RET) hawve eltdborpch appl i ed over-axihe iylelau mi rsaitci
(OAlI'), optical proximity correction (OPC),
resolodteisen t han 10 nm. I n this project, pho

the pattern from phohwmaEmaelss garedl DS plhlot foir le

by wet or dry etching to define pillar and
2.4 Etching
As a patamnedfer met hod, et dosrenlge ¢ tsi vaemlgye srsemd

| ayers from the sur ftéhdees iorfe da pwaatfteerA ntso ofna bti
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photoresist patterned usamagKkli intgh ongnt @phyl c drr
t heubstr aemec himgy ahs6eequently used in the |
processes of semiconductor devices for waf.
There are severodlhei mparhisaangth pmestcraiacsst or mi t vy,
sel ecti vijgay,d amidtedtchadqyadef t heetdc haesd | engt h i
specific direction per unit ti me. Nor mal |y
concent rtaetmpogn &t pr ess2usfowBi gut e con etch r
dramatically on KOH concentration and etch
rati o of sathief fearcehntr arhet er i alast.i ol osddreaftd thier ea
as deep holes and high pillars, the maski ncg

to protect the wndétugitnagt sl mheFipgoresel e

def ect s hedtucrhiimngg process. Anisotropy or 1isot
of tdkeinscussed in the 2t®8haowgy tpheocdsbki erFd masa
isotropic (uniformly in all/l diorcewthib@ens) an
vertical direction).
Temperature{oC)
%KOH 20 30 60 7o B0 a0 100
10 1.49 32 252 45 82 140 233
15 1.56 34 26.5 48 86 147 245
20 157 34 267 40 ] 148 246
25 1.53 A3 259 47 B4 144 239
a0 1.44 31 24 4 45 79 135 225
35 1.32 249 223 41 72 124 206
40 117 25 199 36 64 10 184
45 101 22 171 K1 55 95 158
50 0.84 18 142 26 46 79 13
55 0.66 14 112 21 36 62 104
60 05 11 8.4 15 27 47 78
Fi gu2.eSi | i chaomt efsm/)Hnor various KOH concentr e

tempefatures
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(a)

Fi guwr.8 graphical represesketatvonyofthégan)caupe
attack the bottom | ayer material whil e r em

results in etching out the tof | ayer witho

More directional etching

7

A

NN
N

a) isotropic b) anisotropic ¢) completely
anisotropic

Fi gu2r. 89 schemaisiotcropi Captclpamtgi alfl ysidnmnicomt r(d

compl etely®anisotropic

Etching can nftewoclmas i fciagdkgori es basdd on t

wet ienfgth-hbaesdd etchanti a(plaabsdnsaeld vy etec cant s) .

eticrigs easily i mplemented by i mmersang the
gui ck heaetiedipfsftioc wclotnt r ol and define preci
smal | eem.t ihaadditthieo mp rodaimna sinecohcern. On th

ot herf odbrn ydegtgcahl so call ed pl astmygeast phiasg, ar e
formed i n a vacuuvmpsoprditeeematt @ rs @utstt erwhorc h i

to comhweolietgchur t,h edrrnymiget alb | e<lt0@® olnt diemt ur e
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si ze. Il n our microneedle fabrication proce

in the experiments.

2.4.1 Wet etching

As mentioned ahodececlowwed i et cnbt egiias s i nto ||
compounds in aTohewmimpdleted!| byi dmpping or s
solution onto the sudbsitchiaedreilcyaled <=itlcihd aarg,
metals into a relatively khbaogs. fidaswan a&lysi z
chemical reactsiomgl éhawete ndtnghiimg process th

reactants and produces new species.

Figaradabows three key steps idnfflei wet obt ¢
chemi cal @teanh amatl , ordecaoatitii atrgse a s(@3 )f arcemo v al o f

the byproducts via diffusion. For wet =etch
uni formcopsansttent etch rate, so that nowad
applied in industry rather than i mmersion
Reactants Reaction Products
@
Oy u‘;‘on °

Moy & o
\i’"’n Reaction 0./ ®

-

Substrate

Fi gwr.eA0Oschematic of wet etching process: (1
reacting surfaces, (2) the chemical react.
products away from %he surface via |liquid -
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Both anisotropic and I sou siowpatc eettcchhiinngg. cFa
ani sotr omifc sgtld kammc® mmon choices i suahkasin
potassium hydroxi de ( KOH) , et hywlhnelnedi ami
tetramethyl ammoni um hydr g aesr faohrald)Y r oAl kta
et chfibnugi ko ek atahsee et ch rate varies dramati c
crystalline.gdlhiawsst hlei gbhree major planes i
a$11)110knd@1)oOy MillAst hendexsity (lol)p ltahree Si a
is | arger thanashe oéedhelt f wa ol egangds)l et ch r a
pl &ne

/

Y v / s | y

=

X | x” X |

(100) (110) (111)
Fig@QraAalgraphical representtdtion of silicon
Figure 2.12 shows the profile of the silicct

ani sotroBpecaetéhiihgpl ane has itexep ossl eodw easftt eert
KOH etchmnmsegque helloy),) fwossfledrfis® rome o7,t heehO ¥ or

waf er, trenches with vertical sidewall s ar
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Fi gur eSi2l.ilc2on bul k pr o (i &Seh eamhateirc KdoHa gert anh i onf
section of (100) oriented silicon etched &
etched (110) orientedSEMIliincaognie wift hKQOH nest cpha

oriented silicon with square pattern.

To explreiarcttilben mechani sm o fdKk®@Hkaagsx anrep Iwee.t et

Geneyabhechkemi cal equation is Eq (2.1).
"YQqu U'O00% 0 YD ¢O oRB¢d

Thi s equation can -rhead®d iveexdisedda tiinotno rteharcetei osmu b(

one reduction ,apdcfoondn Wi Ehtgd o feaaxcBsEgd m b | e
complex (Eq. (2.4))

YQTIQ ¢0 00 YQ O oBce
TO0 1TQ O 100 (O oOBcd
Y0 O 000 Y O O ¢O0 oBcad

Severali ffalct mesetch rate of KOH ettcthe ng. As
et ch rat e i ncreases i egepmmemd ¢ @l ¢ pnhge i t d T

Arrhenius equation
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KOH Etching of 100 Si
30% KOH Solution
250 -
225 -
200 H
175 -
3 150 4
<
& 195~
e
.2 100 -
=
75 -
50 -
% | //
r___,_,,—.—d?’_/A
0 " .
20 30 40 a0 B0 70 80 90 100
Temperature

Figur ¢ 120)3Sivstehtec ht ernapteer K OHr s o®f. at i 88 %

However, for thet heetlcaht ircantseh iapn db eKtOMHe ecnoncent
in Figure 2.14, asdt hSei ceotnicche nritiandcledyd $1e | ncr e
then decwbasé is counterintnuoitt iavaed.st Thi s | ¢
sol vemat pabtutchpabhesr aaccmtcircemajseeacdncentrati o

KOH medaesriemlsee concentration of water.
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60

w B )]
(=] o (@]
T T T
1 | 1

<100> Silicon Etch Rate [um/hr]
S
|
||
|

10

0 20 40 60
KOH Concentration [%]

Fi gur eEt2cHl 4r at(leO)0ifl itchoen cr yst al pl ane as

concentrafion at 72 AC

Silicon nitride (SorNg!| dcsteittrddei apge r hae<k fchroi &
etching. Difse Net extreamely | ow. The selectiyv
and Si ,arsd0300M0O OPECMDAs f opr tthhhe &t nrate fc
TMAH is ~0.2A@mi gounea?. 86(a)), whiA@ in KOF
(FigureTBedg{bopp. TMAH etching, silicon oXxi
etchimg Hmw&kver, for KOH ed< heé ndgemndssikl.e con
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(@) p.asF ! v v Y v ] b KOH Efching of 5i02
. = 70°C - ® 30% KOH Solution
& U . 80°C 1| &
E 035} 90 °C ] s
£ osf 1|2
o 025G 4 120
1 L] 4
S o020f 1 | &
. - 1|2
5 0.15F & . o
w o10F = - . 1 ;;ég
005 | ) T silicon oxide ] %E M/
=
5 10 15 20 25 UZD a0 40 50 B0 70 80 80 ‘H‘]J
TMAH Concentration (%) Temperature

Figur&t2zhlbates ofa)dMMABaoc@x)OB8%ki de i n

Addi tional Isw,c hs wrsf a cstogpmrtosp y | al cohol (I PA),
poly (ethyYyASRPREGY)!l yeaeb@®) Tcontoami sbicig/ | ph@®% oixsyo
pol yet hoxabeet haachdodd t oat her sohet €d°¥Riag beh.
For KOH etching, | PA can be addedowd chang
surfactants, asthddOn mhiahkrehastthlelBQ@) e t he
pl alnre.comteawsalt PAPAddded t o sat utrlelildnwaetl meaeet c
| owert htah(alno®yYyr.i ng t he dthtehld)y pracesscan de
t he siwlheawla¢é | sdges of t he ien qtlh):n gd immaesckt iaorne az
the etch rate ratio R(100) / R(1l1lsdhiiss hig
requi ITehmemiol ecul es of the compounds are su
t hdO) 1sur f ace, thihred ereiarcg amdcsesasnd, thus, sl
proé¢sFs gurdol. TMAH et chliOn0g,i sTratgmo& choi
surfactactharabiteme zdfe stalsazidrd i T MAel ptod e

(110) polbatmagi mamdm uf®ercutting
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o

—— 3M KOH+IPA (100)
- - ¢- - 3M KOH+IPA (110)
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Fi gur eet2c.hiér ates of (100) and (110) Si surf

al cohol c®ncentrations
<100> MO
- O‘%"

7% SiO, mask

.

T T
‘,

£ o

Si(100) wafer

micromirror
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Figur&chemdatic il lustratiomrmompoaddsompt ie@m |

i ke | PA dldrnTfel 1On Xurface during silicon
alkaline solution. The molecdies adsorb wi:
Due to that eaiys KtOHowget etching, silicon mi«
high accuracy and reproducibility can be f

met hod of microneewé-tk fmamad ast td.% trAgrgeusr teih n

2 8shows the procesptyfpleowarAk sstid@d@®érnd, waf e
orientation was wused. Next, wet etching o
crystal planes formenfamsmentgo 29 IKEOHs adp &9
a certainhet)ech yde mtt h,pl anes are etched away
forming an octagon at the basei.ndexe nreywdtl el
pl ahea 1)pl afesFi2gdpresents the result of on:
s hapeahwi tglhhtemof 280

Il n this fabt h(elaltli)o ns ipdreowcaelsls ,pl ane domi nat es
t he cornet h(éldlrime da nldygi (sO Ocloynhcpalveea sc o nocra vteh e
corner, the plane wappethawvee wseligew eestt c heit ncgh i ;ntg:
the side corner formed by t wel lad jpd caennet) salroe
convex amdk for convex corner etching, the
the fastest etching rate, here for this etoc

| ayout, thegfpbapreti stthought to be (312).
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Side View Process step

LPCVD, 350A pad oxide and

1000A nitride double layer on
silicon

Plasma etch to pattern mask

3 — .~ Weteichusing29%KOH @
79°C, etch of (111) crystal

planes

4 P j‘t‘ :!— High index crystal plane
(h12 (117) formation

5 w Process stop

Fi gar8et etch process flbd®R proposed by Wil |l

;’Pl.i’.(vu.x ) ' %Bé8avieu

Fi gu2r®S EM mi crographs of a single.lmifdroneed!|

side view of the needle with a smaPl negat.i

Silicomseknahiaorg TMAH iAss o noirssatttiwedypiiect.c hi ng o
silicHHN@mMiHFt aaimnved sdel y used in todaydés semico
the production of sol ar cell s. For exampl

cont ai ni ngadiydhriafrliwcoraicd d and acetic acid (
has a fast yet repriddudeguibrbeows chhe ateclfr e
silicon. The solid curves correspond to th

diluent, whereas the dashed curves corresft
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di | BeRmtbbi ns amevedowaerdt 2 he .etThd nrge aretcihcam i
be divided into two soixmuddtkaehceoonbs | sceps di &
(SO ((E®y), (b)) HRNdt dhes gRisBoslvs preanbweetd H
(ER.)G(. Add2z.)n5gaz2cms (t(he ovegaVeEBgByttilon i s
t eronffis chemi cfadr ktimetsc ase of tlhew kHF odrege ntsr
(b)), whtitolaheneanneh i s | i mted by the oxide r
t he si |l i donhes-umdnae eng fraceswint, fakieh et ch
(shriVskian) enfi ntghe whitecmrvespmore etchant vi

the pi.ll ar base
oYQTOU00 © oY 100 ¢OO0 OBc¢d
YR @O'® 0°YQ ¢00 OBc¢H
oYQTO0 p WO cOYQ 100 YOou oY

I n terms of Bhandariad £ rroeeseéeeadrlicehg otne ah rwiad ee

t wot ep etching containing one dynami c et «
i ntr dducd2gBirlel ustrates the et chtienm etrolyirres
proce8ased on the theories adbmowpwoesedrhstatic
mi xt uHFe (oAfBNE)( 6 9 %) in a ratio of 1:19 by vol

t hsei | i con pil | arsshapnetdo par osfhialrep. needl e
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WF {49.25 %)

AN
10 HNO, (69.51%)

Fi gu2r.eQr ves of const anitl sitnc)h asata founcstiilanc

composition .i® HR@.YSHYOeam #'9di |l uent
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(a): After dicing (b): After dynamic etching (t = 4 min)

(¢): During static etching (t = 7 min) (d): After static etching (t = 8 min)

(e): After static over-etching (t = 8.3) (f): After static over-etching (t = 9 min)

Fi gur.e3EM i mages showing progress of needl e
et chifng (Tahe rectangul ar columns (a) are tr
during static etching €m8 mining) .callse shichangt
geomeery

2.4.2 Dry etching

Since itsibhhEkEYduu,ctdroyn etching htbBiatheen a

widely used in microelectromechanical syste
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to wet,wdt cthi ggi faifd ®rcttleyd by selxtheeramgpael r aftaucrteo r

and humidity, dry etching is easythat contr
are smaller than 100 nm, and dry etching c¢
P asma is the key factor in dry etching. It

posiandvenegative charges téhpekaemgaal si al t¢ctars
neutral. Electrons canabbkhe gy tee talh &@td man yf c
processes thathdeooremabtcopodsibbes can take |
P asma ien ¢ dtlihnrgese mekihrast ;s mswse rneantoewreidalby pur
chemical reactionsa ©Semowed bynweamaombiaati

reaction and physical b owsbsae donegpdu.r e i r d,

physical bombar dment s. Correspondingly, t h
three c@lergohemiscal pl asma etching (PE), (
(RILENd (3) physical ion 2beZdmnovest chiheage (1 BIE

mechani sms. PE pr odhuiceh @ tsaomidr olpit @z pg elf e d teis
wher eapsr oldjpo st i vel y t aper edanpdr olfoiw eest,c hl orwa
As a combinedomeithes adRbBBt ages ehalPlEesand

profile control due to the syner géteic con

chemical acti vityahoifg hr eeatccthi vrea tsep®®acnide sh iwgiht hs

ot N

\ 2% ’
a7k 799 12 s¢ 1359 ]
—
_,<‘£ ~ - » iJ
o —

Fi gu2.eZ2pi cal etching profiles of the thre

SKY 86 0xxTT &7V 22%9

etching. (a) the chemical pl asma etching (

(RI'E) and (c) the physical ion beam etchin
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I f etching relies only on §on tb owobual rdd nbeentyv
ineffective and reamiwirtem@BRMENghadhbheen con
a popudodrhaest iamtgecchhni que combining physical

reactions to increase the etchs rateef.acleec hni
adsorgnbyopnr oduct removal to i magrd3de®ewshe re
di fferent silicon etch rsavti ¢d foor wapplowitng h
amr 1 on beam. We can see that the etch ra

bombar dment orscbeochuawd v are,acahda gcha relt gcchh ir eavt ee
appl ytamsggiisared ichg mi cal et ch
|—XeF,Gas—+}—— Ar* lon Beam+XeF,Gas —+~— Ar*lon Beam —|
Only Only
70 -

60 *e

.
.
o
Yore
CAALTTTT L PPTE FOPSPr T

50 - .
40}
30} -

20~

Si Etch Rate (A/min)

10 °

] 1 1 ] 1 1 P St
100 200 300 400 500 600 700 800 900
Time (sec)

Fig2r €E83ch rates of .gialspemoea @lse mind ayl XetFc hi r
pl asmanly Ar g(opnurieo np hbyesa ntaanld ectocmtbiimga)t i on of
introduced to tkhessisltiedomr heur fcade.etlcdin und

efficiency of the etching.

As shown 2i. R4FhgeRb&oas mbe df o B deHisrisntt,o a
feedwagsanst roduced 1 ntwhitdle bicto&kwminen nt ®af feree r
which are chemically reacttihbeeusgparcy ekay &he:

al otnhgeu r f & ¢vea focrc.ur@nce the reasthevetuBpacees
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thermal |l yeact i vsvtod odpdelocgee s . Eventually, the

idesorbed from the wafer sur face and vacuu.l

(1) Generation of species

Discharge
CFy| +e—> @+ @ +e”

Plasma

F G E B S
OO0 O¢0ACA r 3B
‘ 3 YY)
Si Si

(2) Transportation—— (3) Reaction —— (4) Desorption
Adsorption

Si

Fi gu2r.eRdacti on steps of RIE for the case of

Even if directional ion bombardments with |
still u nsaovtori odpaibiclseed pmaojpyreem f abracpteichg hi g
rati o micr dotahbdtumdsx h rat,eandhveght acplecsi d
deempactomte hi ng uGbtRiggE)Bosch proomesadviasebec
technol oggyw | fuonre MEAMISE f abri cati on.

DRI'E can achievegfansisbitcompi c Metedvar , DRI E
higqBlBprati o vertical profile with high sele
structures from etching in the | ateral dir

di fferentuFRpndaesesBhper { €r mi ng sequentially in
Acycl eso) . |l weweve cwet evpdthiyenr seconds. The

shown i R2..EbQhe efwiar sdepsaseipti on (passivation
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gener ate a passtivamtviemd ag elryarheretfcihlimg of th
sidewal |l s dosgudyg | tels€smédthelc Cl e siecompopéas ma
and & defml ohe chain palhyemeerx psotsiecdk idnigka. Thi
pol ymer wil |l neptl arseomctth ami tiht tchaen SpFfr ot ect t h
furthiemgpet bbmbar dment can physicaléy and d

pol ymeérhheomiadonsur f ace, and the polsyomer on
protect the profile.wdgdrefrorddBdpd 8 Bwvciittom , an
silicon to pprwHdiuoge mMpesdeows SifFt he system by

Each etch step provides a short period (us
i sotropic silicon removal, which is nor ma
switching backt lkeettcrnagnodr tdhe pboestiwteheenn smysl a € ma s
etched in an anisotropi & fashiadditoohhetHe
of t he Bodsecpheonpdrsb hbespercentage of exposed ar
Figarddhows the etch rate curve in terms
Universitytaotidd iwer malf oDRI Esenstruments to
Bosmplmcess. (1) Oxf e3r5d0 PR lna sQuaaPna diin®d ONearn&PFtayb
of Wait(er)l dOdx f or HO®@d barsanaiPr e nRFvEe rLsaibt y of Wa't
( 3) Oxford Pl-asatatPejoil@dg |CPi vdrdgi tSyamcO©h iRl ak
i PB800O in Tanwei tNbh.notechnology Co. L

polymer

— ]

mask mask mask mask

J

substrate substrate

passivation etching
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Fi gwr.eBdsch process and the alternation betw

105106
Etch Rate Vs Exposed Silicon
35 -
g 34
H 1\\
E 25 -
n
5 2 -T\\
E 15 -
3 \_ﬁ_
e 1
=
L o5
w
0

0 10 20 30 40 50 60 70 80 90 100

Fi gwr.ee6ch rate curve related to the amount

Il n summariynogawme tbeetecahsi 'y i mpl e meaqgtueidc ki n t h
reacti oni, t hioswediefrfi cult to control and defi
t haem.1 On the other sinlgieke aDRIhBupgphode ys eit
established methodol ogy teucthe athe phildhRras @
deep hol es, devel opi ndiewmanc eospstfiunhi zestdc hriencgi p«
mi croneedl es i s ha shitd edta ludgrech gastechidesrt ec h

exploited itnsthe experi men
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Chapter 3

Fabrication of silicon out -of-plane
hollow microneedles by DRIE and HF -
HNO 3 sharpening

This chapter delineates the design, compr e
characteri stdfclsamé midn cmoeame dblues f eaaxtiusri ng s
pores. The fabrication methodol ogy armd predi
hol es, and the subsequent shar plédN@3 of th

treat ment .

3.1 Overall design of silicon out -of-plane cone-shaped

microneedles with sharp apex and off -axis pore

The procedd ufdltno wtBegflimentpgrroecess has three v
back sniode et chinget dhrioangds ipdiel IBaielrlsahragp &nbmgt
doubl e side pol i sheddowaldlea |wa 4 eé2 O cpehréniaol r eosxii
(Merck, versgadnayt)ed on t hthbakkem s doofViliofwe d

by standard photolithwagrpphfyor hedt onBosehob
t he wafer t oadetpdhh |oda ead OVintent em. Frod n t3s0i d e

phot ol i twhaesg rtahpehhye me n toend blaacskesd de al i gnment ,
of fset of the hole strucitmuate datnc htihreg psihadrap
The offset of the hole is to makweoltbanaoaeedl
shape p, reduci nAnotthhee rs hBaorgpanhe s@sr 6 oe sned on

frontside to fé&om shepepialif ecCilksp ags at i ¢ we
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etching system consi sting3s(o699%) smilwdad oant od
of 1:19 by volume was §saéasei lupcoinn ptiHilsarveo rikn
neesdhaped profem eni ghhorpitlh el @D Gew eceh ientgc, h ianfgt,e
weo bt ahinlgydni f or m mi cr oneed| @n adriraanest ewi taht |t eh:
wi tamo tafx i s hol &i gBpdsdgda8 D schensahtarcp of

mi croneedl e array.

(a) Backside resist coating  (b) Backside pattern (c) Backside hole etching (g) 3D schematics

L i

{d) Frontside coating/pattern (e) Frontside pillar etchmg (f) Sharpening and hole opening
ST—

(7 NSRS

Fi gu3r.&@c hematic fabrication processing of hc

Backside reb) sBachsi fd(acg)t i D FloE r arf fotyh eh oblaec k s |

et ch(idh)gt hogr aamtkys i diea;@k ) gbREe Bt onf arhepiflrloanrt s
et ch(ifng;Wethaepehing

3.2 Backside hole etching

CryogenichasddBDRELE cant hewocomasindeéereethnas og
higmate DRIE, and the Bosch process is the
cryogenic DRI'E wusually -beeds a4 owd beem dterre a t
circumstphotoresi stof daernagttkiee rt omatsikesn sa lo n

mi smat Mbar eov-enr o dttaehried btyo nd ¢ jn@s intear est col d ¢
as the subst¥Y¥% e Fanapmmlhigcdtrioadres of i ®RI E, t
usualplrpetuucenches or other fedtures of very
Amajcohral | @ RY €as p sxcttdep ene erhti ng ( ARDE). When t
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ratio of thersaskeedterecldr apt@t e rtelmise case,
the etch ratcaewirtahpitdil ey adsepcercetasreati o of t he
certain critical poi nt ofartxha earsepbegpcstt armat i o,
val'te The proposaeahamedcthaniisom flux to the b
decreases along with iits aspect rati o, r
remd¥?alAs such, holes with higher aspect r
bottom, and above a certain critrembipoint
extremely 3lLQRaw). $hagws ed mAeRXE mpfl ed woa@mny he g

wi dt hs 3.(Bo)guirlel ustrates the ARDE | ag measur
to that-emefi da %0 @Wkeat oleeies on DRIE in CI |
(Oxford PlasmaPwe &bboacockd@§Bv@d) ARIDEwWs t he
chamgeetthle rate of holes as t Be(2ca)s,pewhemn at

t he aspecd6,r atthieoweartetaecshsea t abtannhoeh ¢ 8 af ea h( AR=0

110%

100% - caee——
90% 1
80% 1
70%
60%
50% I

(50)% 0 20 40 60 80 100

Trench Width (um)

!

|

Relative Feature Etch Depth

I l
B
| S -

0.6

Etch rate (
o o o o o
[ N w IN w1

o

0 1 2 3 4 5 6 7

() Aspect ratio

Fi guwlr.e2a) ARDE | ag exhibited in typical pl as

53



i n wider

wide trench. An

t h connection

trenches

ar e
~50%

bet ween

l arger.

A-8vE d ea dtl.fiefnacohb Ae pV @ d

et ch

Pl smaPr o

when

5

t he waagheaaitfgreo ant Oot o

Cd RrFE AI7@®Bb.eicnr iemm B e
6 .

standanpod

I ti aldt g wguppuhsaesle

(b)-em pl ot of

rat ©xhodd aspe:

etwaslbhbsatr @ ed

BbsecRI|I Er ooe 98 a

oFabisnmogfpassi vati on

st ep |donbdy @asnv eedt cthhiantg t

cess suffe

pl ats re ikpphlaes e

rs

i Bio o ¢ h 0 etghrlacacse stsh e

di st

idhgpassi vati on

Tabl e Bhd depassiv
orocar bon
mo s t compl etely

meter

step bet wBenc hahse st

ation

ani semriopi dgpda ci

s t eefpf iuctiielnitzleys

from ARDE wiklemsegwbnbhbyhig

nctive
hwoow ns tien

reenneor\v

passSIbR&EEI pgopsesbgghrpwvddeecti o

bnhdg 3o0f

Tabl a3 almeters of DRIE etching process wit
Reci Standard B® Modi fied B8osch

Step Passi' EtchiPassi 'Depassi Etchi

Gas C4Fs Sk CaFs SE Ar Sk

FI Rat] 160 s 160 s/ 150 s 200/30 400 s

| CP P¢ 1000 1000 2500 2000 2500

RF Bi 5 W 20 W 0 200 W 0

Powe.

Pressf 20 mT 25 mT 60 mT 25 mTc 60 mT

Ti me 5 s 7 s 0.6 0.7 ¢ 2 s

Et ch 1.¢&/mi n, 7 .e&@/mi n

O. 8dcycl e O.emlcycl e

Fotrhdkecu-ahase standard Bosch process, the etc

removal of

passivation
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modi fied Bosch hpr cmadg sishpemme alinledodE r s of t he i n
depassi vatbomba(rArmeino i step for mitigating
bombar dment , t he RF powevol(taangde hcefn cteh e tdireg
Fiug3®. B) (and the Ar i on ub8&mBlaf(waemeentr & s pnec t(iF
i ncreaeqnehdantce the removal of bbbt prmassofvat hi
hol es. Asetscuihc hd e ptthhe i ncreased without deg
particuluasrilmg whoembi nati onmeoifpd ha&andrtlge nHAR
(Furge. @) .( I n another experiment, etching wi:~
perfofromredl1000 uaowcl® s( ThReg mpemdiomiersg st was
sufficiently thbolg undehbwomb&e@8)hé dd h d wWii rgg

negligible patr3ed) m(og)r ¢ hieonmme Fogaenhityg dept h
speci fidarstcampecarhda anevishobiwgmgofeps®Dduci bil i

LR

o

214 um

Original recipe
500 cycles
WD 171 mm
100x 20 kV

" HAR278
© WD37.3 mm 90x 2 KV

Top view

WD8 mm 2230x 10 kV WD10.3 mm 2230x 10 kV

>

Resist

Silicon

Fi gurTehe3p.t3 mi zati on of hol@hBReEmMedc hi eg BS

processing
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3.3 Frontside pillar etching

For pil ltaset @nhdai dadgBosch process (listed in
the frontside afterwisthrmolkiairdle paloittghhene mto.gr
et chitrhge hol es ,dotelslee @drtecals rernastreenh stshpee ct r at i o
since the etching &ahmsyfifsi ciedmattii yehymdmmanmge
i ssu&@®i gh pillars with vertical sidewall s
Bosch process (Ficghiirgh 3pidl I( @&nt9ge,ra ram0dike t3cMdcelde s
standard Bosch process (Figanhe gd&. i (blays It
negatively tapered pr of iplhes.o ndethebpelmas ma f ac't
mol ding effect, didrfceriean i a¢ atcthamrigngp.g kEdIf e
pillar, thevasawmrscad byr ofeisl st aslriogh tonr.e dmt rtd
prof i lde idmofelsmaebesewdaitbtret chi ng setd®@@PQ ayndl eve s
ot hset andard Bosch emhioglespi tlbaesch 200

297 um

102 um

239 um
—

WD 6.9 mm 5 kV 520x WD 12.6 mm 5 kV 167

Fi gurki I3l.adr et ching using standard Bosch pr

3.4 Wet etching sharpening

As discussed in Chapter 2, HF-l dmf f usgohatb«

i n thissirrecetitoniysl oswiegrnitfhacranthe di ssol utii
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sur f aaree.s uA st , the HF concentration at the b

t hatthett op ,whettteer @i ild aaboodaldhasitl,i c@amusi ng

t he etohmueaht el owbdrathd@anopac ofodrahpergf i | e. I n
this experiment, 1.5 cm x 1.5 cm sample pi
standard Bosch process i s $pHFacseod uatti otnh ei nb os

condition. A#tehi Bgminlheé edi ameter ©3 the pi
emt o e®4 and after 20 minugme d,i atmed epi laltart heh
showi egchnappeoxi emdmied.y After 40 minutes,

sharpened i nafoesas simmagwheillpeoitnie hei ght of th
158@m, causimghrai bklage (Figure 3.5). Il n t hi s
rel ativelagt goaday dwfideedvs attrhieasn srh dwn i n Fi gur e

Fi gu3r.é¢ba) SEM i mage miocr oan eseodlieds sarlriacyo nwi t h

(b) the nzodmemd of an individual sharp needl]I

For the pillars fabri cat ed Omifntuetre bsahcakrspiedne
processaxitshehogfeisesul 1 6-@mdhiigrh mi cron-eedl es w
emdi ameter holeenpesitiasesnstowhf in Figure 3

3.6 (a), the umifadit mndpnr defdadvs@% goaod

57



WD 295 ,%ny i
15,k\, 4005
\ 232

Fi gurkol3l.obw mi cr oneedl es sharpened by wet e

However, whieenc ancde | eph ot  @s misregeaf Hdl emaw)d
HNOmMmi xwalt eweheé ngb sWe vieidrdat pfidb rmnirahatebhy wit
of @&@DO0and ohdebechokwesddeso . Bubbedudrtel swame we't
et chi ngwapsr opceersfsd hme dt sfhriggmo s pf 6 @uwciibti | i ty s
gener adawidnchremases the | ocal tempeesrabiung., wh
Consequent |l yat @rhet isp ovalss fpaeemtidnlgess t han 40¢
al adifhat many fealchheorwseti neftlcuhe nrcat e, i ncl udir
antdhe | ocation3dod’thavhse tthe .r &s wlgtrsefemft hwe 3 0Ot
hi gh pislhloawkRs g oA(sa )3. ¢ Wwemwmefscercutnwmbérdd ar s
2, and 3, the prsoifgnliefsi soiam¢téhyen opti lolnalrys tvhaer yv
i nf|latetnecer eact itdhfeat dmual adisfof usi on can i nfl
Morepvdrmhese @iatttoe slcmmtartotle nipdVeedhange many
par ameter s, such as the gt cbhuitn gt htei nree parnodd u:
di dinewpr.ovMor eover, sharpening is wusually t
fabricatresultwiei chh ghesTthegwtfloreeabti cate hi
mi cronweddewel op adk stchien bp&rbbhcpetsasy oi d wet shar
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Width 100 pm Mag= 51X 100 um
File N _ooos.tit | EHT =10.00 kv _Pikar_86min_00234f |
com  User Name = WENHAN

Fi g8r¥EM micr sgrl oombimbane mi cridiheandtie HHOLt er

mi xed sveltutsih@amhpee nhienigg.htemi s about 300
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Chapter 4
Fabrication of silicon out -of-plane

hollow microneedles by DRIE and KOH

etching

This chapter delineates the roadmap of our
the segeswlbthakrved at each stage. Addition.
i nvolved in the optimization. oMoné@vemi,crio
exhibits fundamental function tests of fab

4.1 Overall design of silicon out -of-plane microneedles

with beveled sharp tip

As mentioned in Chapter 3, utilizing the m
chall ehgbngecanmthe g&BrOOni cr oneedl es. The object
emhi gh microneedles is to ensure that the r
and deliver the drug or extract the 1inte
fabricashagedommieps presents considerabl e di
is KOH wet etching. However, this method ha
mi croneedle density would be restricted du
et chi ngr. morrueg,t ht he an@glterof ntelde byl aghee icg yst
an arbitrary angle cannoti thengo dtlaeixned lag yd

I ssues, bevel ed ti psst e&emnprboec d 03 :meidn iutsii anlgl ya,
to form a bevel shape, foll owed by patterni
the sampl e. Os hbeedbsakgitde, fabricate the
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the tunnel for drug delivery, which can b
Regarding the aspect ratio, It has been de
di amet eesmfofr 2@ microneedle pillar. Conseq
t wo nearest pillars on the same sl ope is s
em. For opti mal nai pcprr corx el lendant ecel dyleen/samtya bl i s he
resul ting inembadtwedamcteheoft el ODearpst pill a
The goiagdr omodveassdhabra cladlel ow s3Hapceouns iramegeyd | e

i nnovatisviedaedpubbeh. The basic | ogisc behind
Firetiinel tbefabopendwvgliddashaed t o fabricat
of appr @dmadt glhyemnai @ 8 Ov ida yi seatcrhda migc or ani
weetching before definthg sbaekhwmiafeer str ucH
Ssubsequwedékrige the hole structure foll owed
structures SBSpethtiot makkesi2dder epeatabl e stru
pattern ring stauslfFfapa shriedgmg oaoried Isdatacelf amdf m

t he mi crbmerdfll @erse, our process includes

|l ithograahdg, i &1 Eaonp isdodt Wempau.scsed Cl ewin 4 sof
compl ete the desikRingdrie shewmashepdesegn. of
recubawgri ps, f,andtbadksirdeghol es.
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Fi g udr sign of he microneedle mask patter.]
fabricate the sl ope, tmandvitdhded loédndgthle irecil

the gapEpmiby BABORsi de design of the micronee
i s-1®@m;c) ( Frontside design of the microneed]I

i's -2 and the i nRleOENdi amet er i s 80

To f alo6d Enctaamheélcr onemrd | telsi,ckk si |l icon wafer sh
the other parameters, -@@qcmeivdti®®dd WhO@)Y bval
uséed ekpelsled) andsl(nliltheal dllyemerivagamprioed scsut
byHF dip and ihlgnwaear t hnesnisnanfeeisnt o acet one,
foll owed by isopropyli nggh® Adbxypgeai pgasmat cb:

m

(a) SiN patterning and Resist  (b) Frontside Lithography & (c) Frontside Slope Etching (d) Backside Lithography
coating SiN ]tch

(e) Backside Hole Etching (f) Frontside Lithography 2 (g) Frontside Etching (h) Final Schematics

Figdr&chematic fabrication processing of hc
Silicon nitride coating on; bPhpht osliidtehso garnadp

on the frontside and patt;erl(neottrraonpsifcerwevti a ts
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on the fr@aikcksi de resist coating and phot
alignm®BYP E on the(bpckecded frontside patt

DRI'E on the frontside; (h) Final schematic
As il lustrated in Figure 4.2, t heet hieni t i al
deposition of silicon nitwsddoomhnomwetdh byi &g

coating photoresist onto the frond side ¢
perfor ming frontside |l ithographyRI &nd et c
Subsequefnrtdrnyt si dewas|l operieedc houonyg. Backsi de
backsi dewashgnmert step, foll owsdRlgty backs
Later, fgorwageectubeddm ring structures on t
Then, frontswdeamprilédarAietecthytni@eé Ef i nal cl ear
a beveled tip holwaow anbircircoanteeedd | el narsruanymar y
processcademolhe zed into three primary sect

etching, and frontside pillar etching.

4.2 Slope fabrication

4.2.1 Dry isotropic etching of the slope

| ni t i avlel ymttot eutspet dry etching spbatmhrcaat ett
silicomrm & hsectaruaya FF kgea s s sau c ¢BlIFobaess nOHF cont ai
carbon and tasu g eavaad f o tp afstaNitivhaet iscaamrmel ayare, t h
generated free radical F has vtehmdsltow f( ~1 %
Pt owi | boursieddwalkl forombottom to reach th
et ch .ltrhet ISiis dway,u bm&gyr it Pe shape photoresist a

The par ameotnedrys eafc hS g Oxd oirpde | anpspg Iriuanck nitrs P
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Syst emlO0alr eetlcihsetre dSiinc eTalhlies A4colpif pdrmies dir e
Bosch pr oacrées s@Rgime rtehe process. DGsFsi ng Bo s«
i's not fully turned off Atso simaHweg 48 meet hsevi t c h
sl opedispuotiatead@mi nutet SlEiesgi on, resul ting
of &@&mno0

Tabl ePadr.almet ere®nbdfy i et EBpi c etching proces
of 13..56 MHz

SFeonly i thicoag

Pressure SénTorr
Temperature |[1%AC

| CP Power 120\

RF Bias Powel3W

Gas CaFs SFE
Gas Fl ow 1Gccm 100G ccm
Ti me 50ni n

Etch Rate 4em/mi n
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Fi gur3€r éssesct i onal SEM i mage of gEhehsl| Ophe af
waf er emst BiOOk andm shliogphe. i s 200

However, t thhesel © lpcprewsdodf c ddud e f iictulh e i feel | owi ng
steps.cdudiskf,i oahkt ytolhe uni f or mi t wvoaft ithtye ph
on the slope. Another probliemmriedastelsats kt lod

|l eakage.

4.2.2 Wetanisotropic etching of the slope

Since the slope fabricated by dry etching
met hhosd desi redusiWedt astsc iimndgrydr aksder emginc ac
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etching.

First, 700 nm whaeekosititedooannbhotrh dei des of
(H®B, ChiTrhae) parameters of 4A4RE®&gVaDs asreel elcitsitoenc
NHscan replace nitr ogent ogiatsr obgaeimg 8PeC ViDa tiiso o
al so amvmdtthreaodafosyitl i con nitride W th betf
PECVD, the react i gaantdhgt $iues vedt plhyo dugnebttad iamicregl

C andadbBntytelme afsi | immp urFiotri essi | i sdep onsiittreidd eb yf
PECVD, ther e hiysdruosgueanl hl eyafrsiblmehe f i I,m sios not
KOt chEGVYVD silicon nitride faster than LPC

seleadcBECVD i s thati sf ommorleP &M D,iaciilteanrtg eo nmnluymbvelr e
wafarteo be depositebdecaastustecheagtrmesti magt hy \
cleaning process and amue hde pogietri a.n mey pihaa
Then, a Pby3ebr0 pfosAR i ve photoresist (Al R €
the frontside of the wafeat hatcka@G®h. opm~flok
Next, ul traviolngbs (Ud)yrdedeout wust ng a mas
Hei del berg DWL66+). Th8nWOoanmdmthasesrt rppwere
em. Afterwards, devel opment was perfor med

devel oper sol-B6idaveéellopeAR BO6HO 50 seconds.

Tabd42&ar amet ers of PECVD of silicon nitride

Si N Deposition

Pressure 20 Pascal
Temperature |[350 AC

RF Power 100 W

Gas SisH N2

Gas FIl ow 24 sccm 196 sccm
Ti me 1500 s

Deposition FO. 47 nm/ s

Subsequédamtel ywyattern is transftégerleidc dmr om ttrhie
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| aywert h vertiva al rsiadcd walelt pehno teotrcehsiinsgt uassi ntgh

The parameters for sili ciéne didBhbtina slddc iege,hi ng
CHf#f orms the passivation | aherSEpa oevn sduerse t |
abundant F free radical for silicon nitrid
Tabd43® ar amet Rrl Eoff of CBi |l icon nitride etching

Si N Etching

Pressure 10 mTorr

Temperature |20 AC

| CPower 300 W

RF Bias Powe20 W

Gas CHF SF

Gas FIl ow 45 sccm 15 sccm

Ti me 4 min

Etch Rate 200 nm/ min

Subsequentl vy, the wafer was c¢cleaned wusing
any residual phot oresi st. For the preparat

reagent (AR) grade sol mld fKaQH iwans zdcids s(oDIv)e d
create a 30 wt. % KOH solution. This soluti
the wafer was i mmersed under static condit
KOH at this temper atamhe A sd epipa thecdamianeel iyg L
2.5 hours of etching,em hmends laopve dhtad od haeipg
200n.e The resulting slope angle was approxi

angle between the (111) and (100) planes.
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Fi gu¥4€r dssesct i onal SEM i mage of the sl ope aft
i's emho gh amwi g6dhowiAsdg ome54. 7

While it 4d4ksooanverycwslsl to fbrédkape isd oplesc
possible if the originalthteddiW)patirecni ®inde
to show up the (011) sl ope, instead of the
sides amnkbomafilphgepddirection. The HrOelrlequi si
sl ope is thamudtd st keea clhoag!l rm@it i mum, not abl
(001) plane, which is wunfortunately not th
a surfactant.

As such,eqgfroere 4s9 aompad iet ic & moad IgP,A~ 8s0u mnla d d e dh t

to the solution to satwuration i nh(elrlder t o
plane with little effeds ehotwhei ph&@8pgupkad
saeapatwaosne adbbkgegrved in the sol utiadrhewittolp.t he
The motivati dins ttob d #bldoipcea t e t4 5 pse rsftahrerh no't
alignment in the next pho tladnbcaehdo ga mmplhe Isdte
sharpness afaldimgnMofriecowhstiyop45f abrication can

our dewmegocustommdedtd erent demands.
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The s oMalBteiadre dC tlny 7Water bawh, i amdr s bd waf e
solutionofwdftetcRi hgast &dxa miSnEgMl aunsdgnign g .

showRi guartehsel chppdOdmnwi dt h ammdde pltO0, s howi ng ¢t h
sl ope ahglkemps$ y4sg witthh(elh®) aagtisse( be@0wepha

FigubPhdse separlaRA smtafr ak@Htl sol uti on.

As shdewmukrethe etch rate of K@HS@MWH.h satur
Consequent lwags 4p ehr fed ccha thige Z&hi0oohege ght and 20C
emi wi dt h. 7Bihgpwrse the SEM i mage &sfhotwse tshleop e
sample after e@adthbai nglwaWeba mpbeand h@EMs moot h
i magglkeomws | t i pl e ssnadpe Iplys aonm sbhehsasf abe ci |
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part in Figure 4&4.hisand mMiegwurues ed th)e nati ve
actaesdret chi ng mask. Comparrfsd otpee tehte hsintgy a ttih
rat epedd Dpyo, whi c he daH es oetlcohwerat e of nati ve

surface of thaemnwabet h caufsiacdggindoFornbthateelcyeg

t hseu b s eqqtueemitng process.

Fi gUBETr dssesct i onal SA&M oipnea gaef toefr 425 h wet et ch
saturated | PA.
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Width = 3.165 mm

100 pm
File Nam

Mag= 36X WD =116 mm
EH ' ~.

Date :22 Sep 2022
Signai A =8E2 S

um = 2.812-01

4 h wet etching by

Fi guBemdge of the

sample after 4 h wet etch
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|l additt& ©@kh, TMAH can al so c ofrepilleitceo ni,s odx p@s i
th(ell1l) or (110) pl aamel aAl tvled ygh owWMAH et |
one advantage for TMAH over KOH is that fo
silicon nitetdkR sginmaok kMAK et ches silicon
sl ower twhhan eK®@H,ly silicon nitride is the p
ConsequédrmieMAKH dtochi ng sample, the etching n
oxi de. Bes{l0®Wasdded ttom td@seursfoalcutainan taos sl ow
rate of (110) to |l ess than the rate of (10
For .Asdampl e, thet seastke dssiKgDiHEhe cohtudii med

25% TMAH + 0.-DAG TWwWed abasto€d rusbeat h t o heat th
879C, ameémowoe the influence of native oxide,
for 10 s and afatsenmerbBed tbetWwefesmol ution i
etching. Thewaégkm/hcadnrbds Rdfadsabei cated afte
ofwet etching with. A ke g8rF,epao mmligyliengo fwistdh t
bet wterdal 1 1) and I (nl Ga@)d itgHiecowsu rqfua dee s moot h wi

smal | pyramid hills.

72



— 4

B1=54" 59

D1=246.59 pm

15.34 mm 4

17:27:08 2023-09-05

Fi QUIEr dssesct i onal SEA| iopagdé abfri T4ted by TMA
X-100.

For Astl50spiemi t A e KO®H condition, t hAenpatrtienrgn st
that the short side of the rectangle is pe
sol uctoinotn2i5f e d MAH + 0 .-DAA6 altreirtwam tX|l s@ used
heat the #0| uvatnideaveatfoer8ssed t o the solution f
aftepnfliQ0s BOE process.wal héahy e ratndths212 peet c h r
wa fabricated after 5 h w¥figteiThdeg 1) tdh t |
summat hfeoeusr si tuations di scuss esde amhbeotvheo d san d

arseui tfaolrl esl ope et ching.
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32.54 mm

2023-12-14

Fi gur@®Crdossésct i onal SA&sM oipnea gfea borfi c4a5t ed by TMA
X-100

TabWeSummary of four different wet etching
Et ch rPatterVerti S ope Surfac

rotat Etch angl e rough
( m/)h
30% KOH|S N No rotl1l00 54. X Smoot h
(PECV

30 % KCS N 45A 50 45A Rough
wi t h (PECV rotat pretr
sat ur &t nt by
5% TM/S © No rotdl 54. A Smoot h
+ O. | (Ther (Pret
Trit-a0cC by BO
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25% TMLS © 45A 41 4 B Smoot h
+ O. (Ther rotat (Pret
Trit-aoC by BO

4.3 Backside hole etching

As di s cSuescsti.d2ni nARDE i s ahoheal e¢cdi,mgvep Mot e
need to etadbphbhbl &b aemkd0dme4 O f whi ch i s qui
di f fuisciBhlgtndar d Bosch recipe. Wemtcakisd mat esrev e
hol es and found that afte( Tao0d),ectyhcel eest conf rSat
waesxtrdmev (al most 0). At t hwmasentliymea b otuhte 3d2ed
em ( Fidgl@denseqgueantrleyvi sewa@Brosprds edk.ci pience t h
realSoArRDENhhheol e et chiisng npsruofcfeiscsi ent passi vat
during ctylgtheetedlor e, the revised recipe inco
cycle. As detailedcyol dabl medwés t hereaséad
to 7 sWhciodneddtelaéd met hod i s fcycd a@mpgwemeet he e
oOwi m@uepgme natt iJoinmee t can only use the combina
recipe and Revised Bosch recipe. Specifical
using Standgafdt Bostthat ecReei sed Bosch recirg
Figure 4.11(b) illustrates the results aft.e

and 600 cycles of Revised Bosesemh recipe, ac

452 pm




Fi g 4reeEM i mage for the holes (a) after 700
dept hem,s t3lRd dianmet(dr) iaft@@ 700 cycles of
and 600 cycles of Revi sad aBias d th er edmiapne,t etrh e

Tabl5¢ a4 amet Stanadfartdh@dos cfthohrBlr ec ets IOixé @ir @e
Pl asmaPro Cobra 100 in CIRFE Lab (Bosch pr
MHz & O

Passivation Et ch
Ga s C4Fs Sk CsFs SFs
FI ow 180 sccbS5sccm 5sccm 400 scc
ICP Power 1500 W 1800 W
RF bias P5W 15w
Ti me 2s S5s
Pressur e 25 mTorr 40 mTorr

TablédP a4 .amet eRresvi sfedt Beosch Procesens Oeftopd f C
Pl asmaocPbrroa 100 in CIRFE Lab (Bosch process)
MHz & O

Passivation Et c h
Ga s CaFs Sk CaFs SFe
FI ow 180 sccbS5sccm 5sccm 400 scc
ICP Power 1500 W 1800 W
RF bias P5W 15W
Ti me 2s 7 s
Pressure 25 mTorr 4A0mTorr

Due to tHe® o¢@a@vldemi c, Olxdtoerd, Iwest uemdnts P
Syst emlO0a¥Z heetjcihaenrg Uni ver si tas,i mCHianfaomeWeh odle \
eticighe hol es. A47 s h ophhharseee pBlaacheladesd a pt ¢ o

t his recipe,isRRotbi afecrposveey t wo pasncievatio
fluor poodrybheer depesedtyi on RF bi askeewegr. The
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t he RF
recipe

em di amet em dieoe pS 8 @b hgouw se

Zhejiang

Tabd7eP ar ameters of t he DRI E

process)

bi as

transfer

power on i s to

Uni versity.

i ncrease the st

from etche ngtdcho Ipdldds vwit i o
t shoef

rtehseu [htat e s et c|

etching process

with an RF fCequency of 13.56 MHz

Passivati Passivati Etching
ICP Power 90 W 700 W 1000 W
Cycl e 2s 3s 6s
Ga s CsFs CsFe SFe
Flow ratel00 sccm 100 sccm 100 sccm
RF Bias P15 W 6W 15 W
Pressure (30 mTorr 30 mTorr 40 mTorr

Et c h

rat e

0.

2np/ cey ¢ lera/, miln 4
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Fi guir.26EM i mage of the holes after DRIE in
aboutm5®&®&m®mWd t he dm.ameter is 80

4.4 Frontside lithography

Af ttehheol e et chi ng,waspteanfdiaronderde ihewae@ i nflye r emai n
on t he .f ripghved tsawdeeshiesstat ed on t he frontside b
firsatt evept aise spin coati.Hpwtewvecoatast hel pls
in Figure $hb3 ol thkeogrosphy wuniformity of
Ssuboptimal. The resist |l ayer on the sl ope v
of this region and consequoaehsl gecpubl ag &
process. Therefore, spray coating was ado
application.

I n spravyheonesngt fibhmtiosnicaepo pihtoegdrferso mt

dropl et gmzeangea. thlee dwvogl eittdgricagendf oaome H €
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similcamveoati onalamd rl @mdisdn gtumes, substrate

air or nittor agemr efalsew tehred dd empyii thygw lsdpregdetde dr
t hey combicnoenttioneusoousSpr &yl moating offers the
arbitrarily shapedcosauthisntgr aitse sn oitn twehcihcnhi csap il
not provide the r esthhtosmorgeegnueiirteyd awnidt he drgees pc
the resist etiiofm ionvsetra ntceex,t usri dewaltlsurand sl c

situati on.

Fi gur 8Prdafli | ecoafpagpion e s4i0s2t5HE rHtTd-p , China) a
frontside photolithography.

For the photoresi st seéleetsinoeng afta reles ppehaoyt ocr cea
been used. O7é&a 3Be ¢ ROMI),0n awiRIOOh &loGmd hi c k

film. The -Dit h(e$Semisc asSIUN Chi~hzamt hiwhk cti Icra nwif t
acceptmabif er mi tyd £Br gudrikeN cdo.alt fiinrdg tlduint bee

photoresist with PGMEA at 1:4 to reduce th
smal | dr otp hseptrsa yd wcroiang ng process. mlilsé visco
be well A owitgoddietdywad ihlad liesad otoo lroevsi st f | o
poedge coveavaigsec,olsvmhiyli eavotuda Hieqald t o an unsi

profil e. Thwa4n0o zirem detmda é ie g hdsrud ftalcee spaci ng be
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t hneo z vlads mm. The scanni nwgaz0Pe emdnf fsy@antdse noz
wempeg ocessedtdwat itrhgeg to complete a uniform
the phowta6O&si sSTthi s is because s$ome ssolmpent a
duri ng ftthemséplriagyhttrochsez b £t r athe,r edbryd ithcr eased
viscosity prevents the res@rstt e ommubmatcrr atse
withdrawing fromt ho veelweers, oiff tteoxa umuecsh s ol
it woul d behpehioftfoirceuslitstf ofro stick to the su
woul d bedufbhigpggdt .

The pressure of the photoresist draopel of wa:
1.5 mL/ min. The nitrogen fl ow pressure was
was performed at 110 AC for 9061l%mecondshe r es
sl ope. This method demonstrated suapgerior L

process.

Fi gur4Crdoessgsct i onal micr.d¥scopg wimblhes-pfapdcoa

9i negative photoresist.

After spray coatingwastpedtoduhHEAGYU snamstkh o g r
al i grmer .al i gnmeenrver mahé&ebacksadd wé tompwafe
t hbeacksi de al i giAemtaski al $gaer .
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Due to the existencembéi @ihfef esrl @orpeee darmetrree if
which completely exceedsNMbAsmadgesbheaiacgneér el c

t heol e option. f¥Moreéovedrographyg step is quit

alignment mar k emnlse iag hsto dhiafvfee r2eOnCc e , maki ng
during alignment. It is not poastsibhe Btamse
ti . meand we can only use the |ighttbeot at

alignmentb5 (Figure 4.1

Bl e e e

Figurséréntside alignment during frontside

The exposur et hpehod ofwati2®o g / Afmt er exposur e,
exposuwapba&es s Adh otn pllledt e for 90 s, and st
waismp | e nuesnifnegd 8 % TMAH for 7 min aftk6 wards.
and Fildg/furiet 4c.an bet bneincfrioranoneddpo WEM M mage t hat

photolithography i s successful
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Figund&rdontside ring structuelsomd tiesi mpd 03 WN
9i photoresist. (a) Top view of microscopy

ring structures.

Figuit®&®r#é#ntside ring struct uAuessi nagf7tR®3 phot o
photoresi st. (a) Top view of microscopy inm

ring structures.

4.5 Frontside pillar etching

Fof ronpislildar etching, ARDE would not be a p
dependency; the bigglestegpard iCbegpe¢ eivb8nhhe n
weatt empt efdabrdmc ahtiegh3 Onb cr on eeuwn deesp,ic ovie | feo u n ¢
whiacdul d not( FoiegliBgen oSrienda @ dtaln € B oavcehr tciacna If or

profile when etching the holes,hitdler passi v
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pillar etching. Even wor set hnilce otnleteslld reess s
only agmutwhid ewaBe@ednheit plus a 5U negative sl
destructi vehpsihlrlianrk albp@d naoteng, yeamtoltyher revi sed

reciigpreoposed.

297 um

239 um
D EE——

D 12.6 mm 5 kV 167x%

Fi gudrleSEM photograph for etcheatdanpdiarlidarBso s c(ha
recipeQuantum NanoFabm wiheh haepigaaltte nies t2aper

profi(lkke) Pillars et c hGxdf ovrida PH oasscfiné BPtobledels sli G
hei ghtemi wi 2B Oma@p@atrieneg t.apered profile

Finally, we c¢haoseanagno wearsfyu Imeetthconder whi ch carl
oft hsei dewal |l well, such-RdE Oxf cmrach oFEABr, e lUmng v

Al berta, aqn®B88&MconRMENnwei Nanotechnol ogy.
The etching recipes for BiBsaokh @ABbbessiare
sectiwe divide tohedcteng® ctamo esttcehpisnng br eakt hr
The mai nopurpeskbrewktbroembvetepbpe passivat.i
bottom by ion bombardment . Il n this way, RF
achiaewarf ficient removal process. The ti me
contriofl | ¢the tshper ttilse tpassi vati omobayer re
compl eted, significantly reducing the etch
cause the passivation | ayer removal on th
(negdtyiawpeer ed profnl egqéaadthepiilolnarbsombar dment

pr ocaensdd , wi | | et ch hdetod hhi rsg I maskn, asnad a | ong |
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decrease the selectivity of silicon and e
etching is a free radical domi nance proces

t heet csitegp (that follows the breakthrough st

TabKU@Par ameters hofplatteeh DRy Epr ocesslOoOn Oxfor

with an RF frequency of 13.56 MHz at 5 AC.
Passivati BreakthroEtching

ICP Power 2500 W 2500 W 2500 W
Cycl e 1 s 1 s 3 s
Ga s C4Fs SFe SFe

Fl ow ratel50 sccm 200 sccm 400 sccm
RF Bias PO W 100 W 0O W
Pressur e 60 mTorr 25 mTorr 60mTorrr

Etch rateO. 6/ eyclean/ mlb. 8

TabU@ePar ameters of the DRI E -ieRBE80 0O gwiptrho caers sl
frequency o0fl1013AC6 MHz at

Passivati BreakthraoEtching

ICP Power 1600 W 70 W 2000 W
Cycl e 2.5 s 2 s 3 s
Ga s CaFs SFs SFs

Fl ow rate200 sccm 100 sccm 100 sccm
RF Bias PO W 600 W 0O W

Pressure 15 mTorr 12 mTorr 38 mTorr

Et ch rateO. &/ €y c lem/, mi4dn 8

However, considering the cecuwreonvYeleqgmeé tpmeaht
fabricate the ring pillars with vertical S

section.
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4.5.1 Frontside pillar etching optimization: sacrificial

structures

The main part of this section ¥g202p4)inte
Copyright EIlsevier.

Wenhan Hu, Zi hao WamHki, ghAi s p ePcatn ,-s BBeop eCusii, | i
mi cropillars fabricated by deep rMaaatoi ve i
and Nano E n\goi | nuemeer 2 1R@A41,00 2 34S, SN -02067020,
https://doi.org/10. 1016/ . mne. 2023.100234.

4.5.1.1 Motivation

For our microneedl &Btewot hnee ad iesstt a nnceee dd estsw e enn
emand t he di gthewma endaertavetenneeddmeswhinch abéu
|l ong distances compared to typical MEMS st |
However, a critical i ssue of Bosch proces

negative profi®e makinng biet redisufitedl t to f a

ring pillars. |l tchias | beggi rgyed ot cober eler yhe
severan fodx0 features with | arge gaps, since
etched features and the ions wil!/l devi at e

undercu¥. eTlihs ngl asma mol ding effect has b
etching tilted structures next %92 tall s

Anot her factor that contributes to negati\

arrival amail rel ycealmpgteideni ng al ong s path

Differenti al charge i s ateegamni venppmr o fainlte f «
which |l eads to the dispé&?%i oms osfh omonn oidni rFeic
419 severe | ateral etching -svpaid edd hsatprpleant uw
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making it negatively tapered. Typically, th
the passicyatieon i mal i'’h Blosveleprrodédss will ¢
the etch rate and sélapedi pityarasdrfuct uo er,
hole inside the pillar wi || becormet ieoven m

dependent etching (MRIRPHE)aseddetctr. atTihatr iimsg ¢

pillar sidewall tends to be negatively tap
be positively tapered,; and effort to i mpr
generally worsen tmglenndRDBEoléfsescdewaller
reduced etch rate with increasing aspect r &

may even completely stop at certain high a:
shadowing effecansapodr/torofr eelucleidng rspeci es
bot ¥4 For DRI E, an increase of the passi
since the removal of fluorodadbebondmohegmer

howeul d be more difficult for higher aspect
by boosting the RF bias power, but at the

negative taper angle for the pillar etchin
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Fi gudilBAn example of | at er al etchspgcedring

mi cpiol | ar s.

4.5.1.2 Sacrificial structure s design

As introduced in the previous section, the
etching including ion scattering, di fferel
(Figure ,4i2Co@md9quently, an alternative met
sacrificial circul ar -sshtarpieadt uri d sl as usr raoruen dpirnc
surrounding structures <can protect t he si
ensuri ngl asivkekewdlcl for adequate mechanical
now the sacrificial structure is exposed t

| ater al etching, it is thinned down and cc
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process, | eavi ng -sbheahpend pihlel adress iwietdh rn enagr |
(Figurev4v2wi(a

The desi gnegan piilglhagmnidosu 2890 di ameter. The ho
the center of the pill am doametmrt h&@hei pgl
a 2D arram wowhs Bp&diem gc amalndmnl 4p@eaocsien g ar amet
are same as.our chip design

As shdwwmiifrdkirrechd of sacrificial structures
|l ayout e di.0Rgdr). afmdgw(scedt he design and par amet
(i) circular ringirsdlraacdturect rieyg emriwtoh htawd
wi de) between t hem. For the | atter design,
of the sacucdctfurce allsrenmnghesd rt hrough-due to
sections would tend to fall tawagr firto mwda thled
easier to break off by wultrasonic agitatio
However, as will be shown in the next secti
advantage of the secondgndiefsiicgann to vfear tthhee fpirr
and experi ment conditions.atRermpt htdhces admev i d

sacrificial circdeadgtainmt e amor a esrootailomsd t er

lon scattering  Differential Charging Plasma Molding Effect

0) (i) (i)
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Plasma
o]

Ultrasonic

agitation,
lon scattering  Differential Charging Plasma Molding Effect
(iv) v) (vi)
(a)
Unit: ym
Unit: ym
140 100
100
(b) (©)

FigdmBPesign of the ¢apcsideviawv ot rtulte uetesh i
and without sac«i1fi ¢isalcrabueadtadr wsigd)r ufiittuhr e s
sacrificii@l onagufcalulreei rtcweei msatlrfics ur ect r e

di mensiconesr @ ny g md hees shadowed parts are CcOV«

Il n our experiment, tthekeel acoBOpPpirbpBaCSevabi T
i nductively coupled p-RaEna 6Bpactiveal by, et t
fabricated by Bosch DRIE recipe using Oxf.
etcher. The parameter Jabli.eBoschr #encttsshave
processei nweprdacvtiidce passivation step into t
This DRIE system nch cwanifdirgsva T f beatger at ur
the constant vawael ampAC) withecwafenuous F
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cooling during the process.

The patterns of pill ars and sacrificial !
' i thographw.chFifryOile) o rde8rgcdm plemdm 1t hi ck si | |
wafer was <c¢cleaned by i mmersion into acetor
ri nsirnogg,e nnibtl ow dryi ng, and oxygen-pl asma
4025G negative photoresist (Hantop, China)
the thickemesNeat , ~27Ttraviolet (UV) direct

>

maskl essLALiI leede( lerg DWLE66+). The 405 nm
and the streamp KAéngtrivarss300@evel opment was
the exposed sample into the developer solu
mi nut es. The phbesasl iftorongrda ppmy aprroay of rin
structures FagodsthdivBemhe microscopy i mage

structure patternlsatadrt,erDRlhEo t(oB ad stchho gRragpdes ¢

—
QD
o
-

icate the pighaaspwecthrateal Fyngertica

process, the profile and parameters of t he

(@]

el ectron microscope (SEM).

Fi gur BMid4cr2oscopy i mages of ring pillar and

photolithography. (a) onci rfaill d sctirrwdteursd.r u

Tab#kOPar ameters of the DRIE etching proce

frequency of @3.56 MHz at 15
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